Reactive oxygen species generate 8-oxo-7,8-dihydroguanine (G O , 8-hydroxyguanine), which induces G:C→T:A transversion mutations. The knockdowns of the protein responsible for Werner syndrome (WRN), a cancer-associated DNA helicase, and DNA polymerase (pol) λ, a WRN-interacting DNA pol, cause untargeted base-substitution mutations (action-at-a-distance mutations). To examine the consequences of the dual reductions of WRN and pol λ for the mutations caused by G O , siRNAs against both proteins were introduced into human U2OS cells. A replicable plasmid DNA with the oxidised nucleobase in a unique position of the supF gene was then introduced into the double knockdown cells. The amplified DNA recovered from the cells was used to transform a bacterial indicator strain. The mutant frequency and the subsequent sequence analysis revealed that the double knockdown additively promoted the G:C→T:A substitution at the G O position and increased the action-at-a-distance mutations to a level similar to that of the single WRN knockdown. Thus, WRN and DNA pol λ seem to suppress the targeted G:C→T:A mutation at least in part independently and reduce the untargeted mutations via an identical pathway.
Introduction
Reactive oxygen species (ROS) include hydroxyl radical, superoxide radical anion and hydrogen peroxide, which are produced endogenously by normal oxygen metabolism and exogenously by environmental factors. Cellular biomolecules are continuously oxidised by ROS, and nucleic acids are important targets. Oxidatively damaged bases can cause replicational, transcriptional and translational mutagenesis, and consequently cell death, carcinogenesis, ageing and neurodegeneration (1) (2) (3) . A guanine oxidation product, 8-oxo-7,8-dihydroguanine (G O , also known as 8-hydroxyguanine), is an important DNA lesion generated by oxidation (4) . Estimations have predicted the formation of over 100 G O residues in DNA per cell each day (5) . The oxidised G base is miscoding, since it can mispair with A in addition to correctly pairing with C (6-9). G O is highly mutagenic in mammalian cells, and G:C→T:A and A:T→C:G substitution mutations are induced by G O formation in the DNA and the nucleotide pool, respectively (10) (11) (12) (13) (14) (15) (16) (17) (18) . Numerous organisms, including human, have various proteins related to the mutagenesis elicited by the oxidised G base. In addition, DNA repair and nucleotide pool sanitizing enzymes suppress the mutations induced by G O . Meanwhile, some translesion synthesis (TLS) DNA polymerases (pols) either decrease or increase the mutations (16, (19) (20) (21) (22) (23) .
The human DNA helicases RECQL1, BLM, WRN, RECQL4 and RECQL5 are homologous to the Escherichia coli RecQ protein. Losses of the BLM, WRN and RECQL4 functions cause the monogenic diseases, the Bloom, Werner and Rothmund-Thomson syndromes, respectively, which are commonly characterised by cancer predisposition and premature ageing (24) (25) (26) (27) . The human RecQ helicases are crucial for genome integrity and are considered to be the guardians of the genome. The protein responsible for Werner syndrome (WRN) is a well-characterised human RecQ helicase with unique features, since it acts as a 3′→5′ exonuclease as well as a 3′→5′ helicase. This RecQ helicase interacts with diverse cellular proteins involved in DNA replication and repair. For example, pol β, replication protein A (RPA), 5′ flap endonuclease/5′-3′ exonuclease (FEN-1), XPG and NEIL1 reportedly interact with WRN (28) (29) (30) (31) (32) (33) (34) . Thus, the WRN protein participates in various aspects of genome maintenance, and it is important to elucidate the functions of WRN in the prevention of mutations caused by G O , a major ROS-producing DNA lesion. Previously, we knocked down the WRN protein to examine the roles of the RecQ helicase in G O -induced mutations, using a plasmid with a site-specifically introduced G O base. Unexpectedly, upon the knockdown of the helicase, we discovered base-substitutions at sites other than the modified site, caused by G O (35) . We named the untargeted base-substitutions induced by G O as action-at-a-distance mutations. Moreover, we detected similar mutations elicited by the oxidised guanine in DNA pol λ-knockdown cells (36 (37) . Together, these findings compelled us to examine the G O -induced mutation status, under conditions where both WRN and DNA pol λ are reduced. In this study, we knocked down WRN and DNA pol λ by siRNAs in isolation and in combination. Our results suggested that WRN and DNA pol λ separately prevent the targeted G:C→T:A mutation in addition to the known MUTYH-DNA pol λ-WRN pathway and that the two proteins act as a defence against the untargeted mutations in the same pathway.
Materials and Methods

Materials
The oligodeoxynucleotides used as PCR primers were purchased from Hokkaido System Science (Sapporo, Japan) and Sigma Genosys Japan (Ishikari, Japan) in purified forms. The siRNAs against WRN and DNA pol λ were described previously (35, 36) . Stealth RNAi Negative Control Medium GC duplex (%GC 48, Thermo Fisher Scientific, Waltham, MA, USA) was used as the control RNA. E. coli KS40/pOF105, used as the indicator strain of the supF mutant colonies, was provided by Professor Tatsuo Nunoshiba of the International Christian University (38) .
Plasmid DNA containing G O 5′-Phosphorylated oligodeoxynucleotides with a G O or G base (5′-dCGACTTCGAAGG O TTCGAATCC-3′ and 5′-dCGACTTC-GAAGGTTCGAATCC-3′) were synthesised and purified by HPLC, as described previously (19, 21, 39) .
The double-stranded plasmid DNAs containing G O or G were prepared from the single-stranded forms of pZ189-T_E107K/D402E (formerly pZ189-107K/402E), plus the G O or G oligodeoxynucleotide, by enzymatic reactions as described (40, 41 (42) . The DNA was incubated with DpnI, to digest the unreplicated plasmid. E. coli KS40/pOF105 cells were electroporated with the plasmid, and the supF mutant frequency was calculated (38) . The plasmid bearing G instead of G O was transfected as a control.
Western blotting
At 24, 48 and 72 h after the siRNA transfection, whole cell extracts were obtained and fractionated by gradient SDS-polyacrylamide gel (5-20% acrylamide) electrophoresis, and the proteins were transferred from the gel to PVDF membranes. To detect WRN, the membranes were blocked in 5% non-fat milk in phosphate buffered saline containing 0.05% Tween 20 (PBS-T), and incubated with a rabbit anti-WRN antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, catalogue no. sc-5629) in the blocking solution for 1 h at room temperature.
To detect DNA pol λ, the membranes were blocked in Blocking One (Nacalai Tesque, Kyoto, Japan) for 1 h at room temperature, and then incubated with a rabbit anti-DNA pol λ antibody (Bethyl Laboratories, Montgomery, TX, USA, catalogue no. A301-640A) in PBS-T containing 5% Blocking One overnight at 4°C. To detect β-tubulin, used as a loading control, the membranes were blocked in Blocking One and probed with a mouse anti-β-tubulin antibody (Wako, Osaka, Japan) in PBS-T containing 5% Blocking One for 1 h at room temperature. After three washes with PBS-T, the membranes were then incubated with anti-rabbit or anti-mouse IgG conjugated with horseradish peroxidase (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) for 1 h, in PBS-T containing 5% non-fat milk for WRN or 5% Blocking One for DNA pol λ and β-tubulin, at room temperature. After five washes with PBS-T, the proteins were detected using ImmunoStar LD (Wako) for WRN and DNA pol λ or Chemi-Lumi One Super (Nacalai Tesque) for β-tubulin. The detection of the chemiluminescent signals and the quantitation of the signal intensities were performed with an ImageQuant LAS 4000mini image analyzer and the ImageQuant TL software (GE Healthcare). The knockdown efficiency was calculated, according to the amount of β-tubulin present in each sample as an internal standard.
Results
Increased mutation frequency by double knockdown of WRN and DNA pol λ
We reduced the protein levels of WRN and DNA pol λ by RNA interference, to elucidate the effects of the double knockdown on the mutations caused by the oxidised guanine. First, the knockdowns of WRN and DNA pol λ were confirmed by western blotting ( Figure 1 ). The siRNAs against the target proteins were introduced into human U2OS cells with cationic lipids, and the whole cell lysates were analysed at 24, 48 and 72 h after lipofection. As shown in Figure 1 , effective knockdown of the proteins was confirmed from 24 to 72 h after the siRNA introduction. Thus, the amounts of the target proteins were reduced during the transfection experiments.
The introduction of the siRNAs in combination into U2OS cells reduced the amounts of both the WRN and DNA pol λ proteins ( Figure 1 ). The knockdown efficiencies of WRN and DNA pol λ were approximately 60-75% and 65-85%, respectively. Moreover, the efficiencies were similar between the single and double knockdowns.
We next introduced the plasmid DNA containing a unique G O base by lipofection into the siRNA-treated U2OS cells. The DNA amplified in the transfected cells was recovered at 48 h post-transfection. The DNA was incubated with DpnI to remove the unreplicated DNA, and then electroporated into the E. coli indicator strain, KS40/ pOF105 (38) . Typically, ~500 supF mutant and ~3000 total colonies were formed on the selection (without dilution) and titre plates (100-fold dilution), respectively, when the plasmid DNA isolated from the G O -plasmid transfected cells was introduced into the bacterial cells (three electroporations were performed per single transfection). The mutant frequency was determined by dividing the number of mutants by the total number of colonies (38) . The transfection experiments were independently performed six times. The amounts of plasmid DNA amplified in the cells semi-quantitatively reflected the numbers of colonies on the titre plates. The numbers were ~90, 110 and 70% in the WRN, pol λ and double knockdown cells, respectively, relative to the control cells when the G-plasmid was transfected. The relative numbers were ~80, 80 and 70% in the WRN, pol λ and double knockdown cells, respectively, in the G O experiments. Thus, these knockdowns seemed to minimally influence the amplification of the G-and G O -plasmid DNAs, indicating the similar replication efficiencies. The supF mutant frequencies for the single and double knockdown cells were similar to that for the cells pretreated with the control RNA, in the case of the G plasmid (~0.5 × 10 -3 , Figure 2 , open columns). Thus, the knockdown of WRN and/or DNA pol λ minimally influenced the background supF mutant frequency. Although T4 DNA pol, a high-fidelity DNA pol with exonuclease activity, was used in the in vitro DNA synthesis reaction for the plasmid preparation, the relatively high mutant frequencies are attributable to deoxyribonucleotide incorporation errors by the DNA pol (43) . The supF mutant frequency was 1.7 × 10 -3 when the plasmid DNA containing G O was introduced into the control cells, indicating mutation induction by G O (Figure 2 ). The single knockdowns of WRN and pol λ significantly increased the mutant frequency (2.8 × 10 -3 and 2.3 × 10 -3 , respectively), in agreement with our previous results (35, 36) . The mutant frequency was further increased to 3.8 × 10 -3 by the double knockdown of both proteins. Thus, an additive effect on the mutagenesis caused by G O was observed upon the double knockdown.
Effects of double knockdown on targeted G:C→T:A and action-at-a-distance mutations The products of the total supF mutant frequencies and the ratios of the targeted G:C→T:A substitution were calculated to be 0.7, 1.1 and 1.0 × 10 -3 in the control, WRN and pol λ experiments, respectively. In the double knockdown experiment, the targeted mutation frequency was 1.9 × 10 -3 , indicating the additive effects of the double knockdown. Thus, the WRN protein and DNA pol λ at least in part independently suppress the G:C→T:A transversion at the G O site. Additionally, base-substitutions at untargeted positions, especially at G:C pairs, were also found. Note that the mutations found in the control cells would be mainly generated during the plasmid preparation as described above. In the cases of the knockdown cells, the mutations at sites other than position 122 include both the background and action-at-a-distance mutations. We calculated the untargeted mutation frequency with a specific focus on the G:C pairs. The frequencies were 1.2, 2.2 and 1.6 × 10 -3 , in the control, WRN and pol λ experiments, respectively. Unlike the targeted G:C→T:A mutation, the frequency was 2.2 × 10 -3 for the double knockdown experiment, a value similar to that for the WRN single knockdown experiment, indicating the absence of an additive effect. Therefore, the action-at-a-distance mutations elicited by the G O base seemed to be suppressed by the two proteins via the same mechanism.
Multiple mutations were found in single mutant supF genes, as shown in Tables 1 and 2 . We also observed similar phenomena when the supF plasmid DNAs were transfected into U2OS cells without RNA treatment (data not shown), excluding the possibility that the multiple mutations were due to RNA introduction.
Discussion
In this study, we knocked down the WRN protein and DNA pol λ, since the two proteins interact with each other and suppress untargeted mutations caused by G O (35, 36) . Analyses of the targeted G:C→T:A and action-at-a-distance mutation frequencies revealed that the double knockdown affected the former and latter mutations in additive and non-additive manners, respectively.
DNA pols incorporate dATP opposite G O in the template DNA during replication, thus forming incorrect G O :A pairs. When MUTYH DNA glycosylase, a mammalian base excision repair enzyme, removes the unmodified A base paired with G O , the gap thus generated would be filled by either DNA pol β or λ (44) (45) (46) (47) (48) . DNA pol λ is apparently more accurate in the nucleotide insertion opposite G O than DNA pol β, and preferentially inserts dCTP opposite G O (48) . The importance of the MUTYH and DNA pol λ pathways is supported by the finding that the MUTYH knockdown promotes the G:C→T:A transversion mutation caused by G O (19) , and the minor increase in the targeted G:C→T:A mutation in pol λ-knockdown cells is attributable to this function of the pol and the substitute gap-filling by DNA pol β.
The WRN protein physically binds to DNA pol λ and enhances its gap-filling activity (37) . In addition, upon oxidative stress, WRN and DNA pol λ form nuclear foci, depending on both DNA replication and MUTYH. Thus, the increase in the targeted G:C→T:A mutation in WRN-knockdown cells can also be explained by the MUTYH-DNA pol λ-WRN pathway. However, we found that the double knockdown of the two proteins additively affected the G:C→T:A mutation. Thus, WRN seems to have another function that provides protection from the G:C→T:A mutation.
One possible explanation is that the WRN protein is involved in the accurate bypass of G O during replication. The WRN protein interacts with numerous DNA pols: DNA pols δ, β, η, ι and κ, in addition to DNA pol λ (28, 37, (49) (50) (51) (52) . A previous knockdown of TLS DNA pols η, ζ and κ revealed that these pols are important in the TLS of the G O base (21, 22) . Among the TLS DNA pols, reduced amounts of DNA pols η and ζ promoted the G:C→T:A mutation, suggesting the preferential incorporation of dCTP opposite the G O base and/or the extension of the G O :C pair at the growing chain terminus by these DNA pols. The WRN protein might recruit these DNA pol(s) and/or promote their accurate activities, although the interaction between WRN and DNA pol ζ has not been reported. Thus, the WRN knockdown might increase the G:C→T:A mutation by affecting the correct incorporation and/or extension. Meanwhile, the knockdown of DNA pol κ decreases the G:C→T:A mutation, suggesting that the DNA pol promotes the G:C→T:A mutation (22) . However, the WRN protein enhances dCTP incorporation opposite G O and extension from the G O :C pair at the nascent strand terminus, which are the reactions catalyzed by this DNA pol (53) . In contrast, this interaction has no impact on dATP incorporation opposite G O but decreases the extension from the G O :A pair. Thus, WRN reduction might result in the loss of its fidelity-enhancing effects and thus increase the G:C→T:A mutation.
Alternatively, the WRN protein might enhance G O base removal by DNA repair proteins. We previously showed that the knockdowns of the OGG1, NTH1 and NEIL1 glycosylases increase the G:C→T:A substitutions caused by the oxidised base (19) . Regarding NEIL1, WRN interacts with this base excision repair protein and enhances G O removal in the bubble structure in vitro (34) . In addition, the G O bases in DNA are more abundant in WRN-knockdown cells. Thus, the WRN knockdown would weaken the G O removal by NEIL1 and consequently enhance the G:C→T:A mutation. Similar effects would be expected if WRN stimulates the OGG1 or NTH1 activity, although this putative stimulation remains to be assessed.
The third possibility is the removal of the dAMP residue incorporated opposite G O directly by the WRN exonuclease activity. WRN possesses 3′→5′ exonuclease activity, and thus it could remove dAMP at the nascent strand terminus and prevent the incorrect G O :A pair formation during replication. However, the presence of G O in the non-digestive strand in a double-stranded forked DNA did not influence the exonuclease activity of WRN (54) . Thus, this possibility should be excluded.
In contrast to the targeted G:C→T:A mutation, the double knockdown did not exert an additive effect on the action-at-adistance mutation. We previously suggested two possible reasons for this type of mutation caused by G O in the WRN-knockdown cells: (i) the increase in mismatch formation by the reduced 3′→5′ WRN exonuclease activity and (ii) the generation of G O radicals and their migration on the DNA (35) . However, since we could not provide convincing explanations for the characteristic increase in untargeted mutations in the case of G O as described above, the presence of the G O base in the template strand would not affect mismatch correction at positions other than the G O site, and thus we discard the first hypothesis (54) . The second hypothesis is based on the prooxidant state in the Werner syndrome patients 5G->C, 10G->A, 91G->A, 112G->A  1  5G->C, 27G->A, 65G->A, 73G->A, 91G->C, 112G->A, 126G->A  1  5G->C, 27G->C, 66G->C, 85G->A  2  5G->A, 27G->A, 73G->A, 75G->A, 118G->A  1  5G->C, ->G  2  7  13  3  101C->A  1  101C->A, 117C->T  1  101C->A, 125C->A, 137C->T  1  108C->T, 111C->T, 117C->T  1  111C->T, 117C->T, 125C->T  1  111C->T, 122G->T  2  111C->G, 122G->T  2  111C->T, 131C->G  2  112G->A, 118G->A, 126G->C  1  112G->T, 120A->T, 126G->T  2  114C->A, 118G->C, 121G->A  1 and WRN-reduced cells, the low redox potential of the G O base, and the cation/electron migration on DNA (55-63). Although we cannot completely exclude other possibilities, this explanation may be valid. DNA pol λ might suppress the action-at-a-distance mutations together with WRN, as a component of the putative WRN-DNA pol λ pathway. It is still difficult to speculate about the actual mechanism(s) of the mutation and the roles of WRN and DNA pol λ in its prevention at this time, and thus additional experiments are required.
Recently, we knocked down WRN and examined the mutations induced by a methylated base, O 6 -methylguanine (64) . The knockdown primarily promoted G:C→A:T transition mutations at the damaged site, but not action-at-a-distance mutations. Thus, only certain forms of damaged bases trigger the latter type of mutations.
Conclusion
In conclusion, the double knockdown of WRN and DNA pol λ additively and non-additively increased the targeted G:C→T:A and action-at-a-distance mutations, respectively. Thus, on the one hand, the WRN protein would exert a suppressive role(s) for the former mutation besides the MUTYH-DNA pol λ-WRN pathway. On the other hand, WRN and DNA pol λ would act as a defence against the latter mutation in the same pathway. Investigations of the actual (24) 19 (41) 16 (35) 
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